We study the emission line shapes of single CdSe nanocrystallite quantum dots. Single dot line shapes are found to result from rapid spectral shifting of the emission spectrum rather than the intrinsic physics of the quantum dot. A strong dependence of single dot line widths on excitation intensity, wavelength, temperature, and integration time is found and is correlated with the number of times that the quantum dot is excited during the acquisition of a single spectrum. The observed results are consistent with thermally assisted spectral diffusion, activated by the release of excess excitation energy.
that are strongly dependent on experimental conditions. [9] [10] [11] [12] 27 For example, a range of single dot line widths over 2 orders of magnitude have been reported for II-VI nanocrystallite QDs. [9] [10] [11] It has therefore been difficult to use single dot line shapes to learn about the intrinsic physics of these QD systems.
The observed variation in single dot line shapes is similar to what is seen in single molecule spectroscopy where line widths are thought to result from spectral diffusion on a time scale that is fast compared to the acquisition time of the experiment. 28, 29 While the mechanism of spectral diffusion is thought to be quite different in single QDs than in single molecules, a similar theory has been proposed to account for the observed line shape differences in the case of single nanocrystallite QDs. 9 However, while spectral diffusion has been observed in single nanocrystallites, only indirect evidence exists regarding its contribution to single dot line shapes.
In this Article, the contribution of spectral diffusion to the line shape of single CdSe nanocrystallite QDs is demonstrated through the direct observation of spectral shifting on a 0.1 s time scale. In keeping with previous single nanocrystallite results, we describe these small spectral shifts in terms of Stark shifts that result from fluctuating local electric fields produced by the movement of charge carriers around individual QDs. Changes in line width as a function of excitation intensity, wavelength, integration time, and sample temperature are also analyzed and are found to be consistent with the activated movement of external charges in response to thermal and excess excitation energy released following each photoexcitation.
Single domain wurtzite nanocrystallites with an average diameter of 56.5 Å were synthesized as in ref 14 . Half of the sample was then overcoated with a ∼7 Å layer of ZnS. 30 The addition of a ZnS shell has been shown to have a significant effect on the luminescence from ensemble CdSe nanocrystallite samples, resulting in an increase in the quantum yield to as high as 50% at room temperature.
Single QD spectra were taken using a far-field epifluorescence microscope 9 with 514 nm excitation. An extremely dilute solution of QDs (in 0.1% PMMA/toluene by weight) was spin coated onto a crystalline quartz substrate, which was then placed in a liquid helium cryostat. The sample concentration was chosen to produce an areal density of ∼1 QD/µm 2 in order to allow individual QDs to be spatially resolved using standard far-field optics. Temperature data were taken on different days with fresh samples to ensure no degradation with time. Intensity and time series were taken in nonsequential order to ensure that the observed spectral changes were not caused by light-induced degradation. For each QD included in a time or intensity series, data were taken at all points within the series. Line widths were determined by direct measurement of the full width at halfmaximum (fwhm) of each peak.
A typical single dot spectrum from the overcoated sample, taken with a 10 s integration time, can be seen in Figure 1A (previous single nanocrystallite studies have used integration times ranging from 30 s to 10 min 9-12 ). The observed peak, which corresponds to the zero phonon transition, has a FWHM of ∼2 meV and appears to have some additional structure that is blue shifted by ∼3 meV from the main peak. Spectra of the same QD taken with 100 times shorter integration time (0.1 s) reveal a single peak with no sideband that is much narrower than the spectrum in Figure 1A . In 150 of these fast spectra taken in rapid succession, this resolution-limited peak can be seen shifting in energy over the entire 10 s spectrum ( Figure  1B) . 31 Shifting below our resolution limit may also be occurring and multipeak spectra such as frame 6 of Figure 1B indicate spectral shifting on a sub 0.1 s time scale. Figure 1C shows a histogram of peak positions for the 150 spectra described above. As can be seen, the 10 s intensity distribution is well reproduced. In this way, we can directly relate the effects of spectral diffusion to the observed line shape of a single QD. Even the apparent sideband in Figure 1A is found to be an artifact of spectral diffusion. A wide variety of different single dot spectra including multiplet line shapes as well as peaks as broad as 10 meV have been analyzed in this same manner. These data suggest that on the time scale of several seconds, the primary contribution to single dot line shapes is spectral diffusion. Figure 2 plots the average line width of single overcoated QDs as a function of excitation intensity, integration time, and sample temperature. Figure 3 plots the average line width as a function of excitation intensity for both overcoated and nonovercoated samples.
Figures 2 and 3 demonstrate the strong dependence of single dot line widths on experimental and sample conditions, respectively. This may explain the wide range of line widths that have been reported in single nanocrystallite experiments. [9] [10] [11] Reported differences are consistent with variations in experimental procedures as well as sample preparation.
It should be noted that the average line widths at the lowest intensities and shortest integration times in Figures 2 and 3 are inflated due to many individual spectra falling below the resolution limit of our spectrometer (∼0.4 meV). In addition, while the average line width curves show a smooth saturation character, many individual QDs have a much more linear change in width as a function of time and intensity, followed by a region of saturation ( Figure 4 ). The smooth average curves are the result of differences in the slope and saturation line width of individual QDs that represent the effects of different local environments on spectral diffusion.
Electric field studies of single CdSe nanocrystallites have suggested that spectral diffusion is the result of changing local electric fields 12 resulting from charges on the surface of the QD. Small fluctuations in this local field may contribute to observed single dot line widths by producing Stark shifts in single QD spectra. The line width difference between overcoated and nonovercoated QDs seen in Figure 3 is consistent with this hypothesis. The electric field studies described above found that for QDs with the same size CdSe core, a smaller average internal electric field resulting from trapped charges was found in overcoated dots than in nonovercoated samples. This difference is likely to be the result of additional screening of the local electric field by the ZnS shell. Also, the presence of the ZnS shell forces trapped charges to reside farther away from the center of the QD, further reducing the internal electric field. For electric fields on the order of the local fields measured in these experiments, the dependence of the Stark shift (∆E) on electric field (F) was found to be in the quadratic regime (∆E ∝ F 2 ). This implies that the magnitude of the change in energy [∆(∆E)], and therefore the observed line width, due to a fluctuating field (∆F) will also depend on the average field present [∆(∆E) ∝ F(∆F)]. Therefore, in the presence of similar environmental fluctuations, overcoated QDs, with a smaller average internal field, should have narrower diffusion-induced line widths than nonovercoated dots. This is consistent with Figure 3 .
Spectral diffusion in single molecules is typically attributed to changes in the host matrix (represented by a system of double welled potentials), which interact with individual chromophores through short-range strain fields. 29 The fluctuating electric fields responsible for spectral diffusion in CdSe nanocrystallites are thought to result from the presence of charge carriers trapped on or near the surface of individual QDs 12 that result from ionization of the CdSe core. 6, 32 In what follows, we speculate that spectral diffusion in single nanocrystallite QDs can be described in terms of point charges in a system of many welled potentials (trap sites). Small fluctuations in the local electric field result from individual charges moving between different trap sites. As a result, single dot line shapes are determined by the number and type of external charges, the number and depth of available trap sites, and the frequency and pattern of shifts between sites during the acquisition of a single spectrum.
The time dependence of the average line width observed in Figure 2 is consistent with spectral diffusion. The intensity dependence, which is not the result of traditional power broadening since excitation occurs far from the emitting state (∼350 meV), can also be understood within the framework of spectral diffusion. The data in Figure 2 suggests that the observed broadening is actually related to the number of excitations that occur during the acquisition of a given spectrum. The inset of Figure 2 shows the time data (at fixed intensity) and intensity data (at fixed time) for two temperatures plotted as a function of the time-integrated intensity (energy density ) time × intensity). Plotted in this way, it is easy to see that changing the excitation intensity has the same effect as changing the integration time by the same relative amount. Assuming that we are in the linear absorption regime (<100 kW/cm 2 ), 33 this implies that it is the number of absorbed photons per spectrum that is related to the observed broadening. It therefore follows that excess excitation energy, released as the exciton relaxes to the emitting state, may be responsible for the movement of external charges. As a test of this hypothesis, the line widths of a sample of overcoated dots were studied with 514 nm excitation and with 573 nm excitation from an Ar + pumped dye laser. In this experiment, time, temperature, and the number of excitations 34 were held constant. Data for all QDs were collected at both wavelengths and the change in line width for each dot was measured. For the 126 dots studied, decreasing the excitation energy caused the average line width to decrease by 25%. This suggests that the extent of spectral diffusion depends on the amount of energy released upon each excitation. This, combined with the overlap of the time and intensity curves, implies that the line shape of a single dot spectrum depends on the number of excitations and therefore the amount of energy released during its acquisition. A second implication of these data is that the energy responsible for the movement of external charges results from the excess excitation energy released as the exciton relaxes to the emitting state and not energy released via nonradiative relaxation. If nonradiative relaxation energy was an important contribution to the observed line widths, the small change in excess energy resulting from the change in excitation wavelength (∼250 meV) would have a negligible effect on the observed line widths relative to the large (∼2400 meV) nonradiative contribution. The fact that this small change in energy results in a significant change in line width indicates that the energy involved in spectral diffusion is small, consistent with the energy released as the exciton relaxes to the emitting state.
The effect of excess excitation energy is not the result of an isotropic increase in the temperature of the QD. Heating is expected to be insignificant in these experiments due to rapid dissipation of heat into the surrounding matrix (∼10 5 excita- tions/s with ∆T for the nanocrystallite ≈ 6 K/excitation, which dissipates in <10 -12 s 35 ). Instead, phonons emitted as the exciton relaxes to its lowest excited state may couple directly to trapped charges. Following each excitation, there is a certain probability that an external charge will overcome the potential barrier between adjacent trap sites as a result of the released energy. The more often the dot is excited, the more chances a charge has to escape and the more changes in the local field configuration can occur. The result is a broadening of the observed single dot spectrum as time or intensity is increased. Saturation occurs when spectral diffusion has reached a steady state condition. At this point, the line width is no longer dependent on the kinetics of charge movement, but only on the relative probability that the QD has experienced each available charge configuration. The saturation line width is then a function of the equilibrium distribution of trap occupancies and will therefore depend on the number and type of external charges, the relative energies of each trap site, and the available thermal and excitation energy. To illustrate the effect of changing temperature or excitation energy on a single dot spectrum, consider the simple case of a two-trap system, containing a single charge (Figure 5 ). In this case, the equilibrium occupancy of sites A and B ([A] and [B]) can be expressed as an exponential function of the available thermal and excess excitation energy. If we assume that the local electric field experienced by the QD depends on the location of the trapped charge, with the resulting spectra shown in Figure 5B and D, then the saturation line width of a single dot spectrum depends on the relative amount of time that the charge spends in each trap. When the available thermal and excitation energy is small compared to the difference in energy between trap A and B, then [B] , [A] and the saturation line width is dominated by the contribution from site A. In this case, the observed spectrum is that of Figure 5B . When the available energy is high relative to the energies of A and B, then [B] ≈ [A] and the observed saturation line width is that of Figure 5F . Increasing the amount of available energy not only increases the saturation line width but also increases the rate at which saturation is reached. From this simple example, it is clear that both the slope and saturation line width of a single dot spectrum should be strongly dependent on the amount of available energy. Figure 2 demonstrates that this is the case for increasing temperature.
At very short times the number of changes in the local electric field becomes small and spectra should approach an intrinsic width. Consistent with this, individual single dot line widths become very narrow as the integration time approaches zero (Figure 4) . Similar results are also observed at low excitation intensity, consistent with the proposed model.
The thermal broadening observed in Figure 2 is not the result of coupling of the emitting state to acoustic phonons. Figure 1 demonstrates that under normal conditions, broadening due to dephasing is insignificant relative to the contribution of spectral diffusion. Similar to time and intensity, the effect of temperature can be explained in terms of spectral diffusion, as described above ( Figure 5 ). The overlap of the time and intensity curves in Figure 2 , plotted as a function of excitation energy density, however, indicates that broadening as a direct result of thermally activated movement of external charge carriers is insignificant in this temperature range. Broadening due to direct thermal motion would result in a divergence of the time and intensity curves, with the time curve saturating more quickly than the intensity curve. This is not observed. At room temperature, however, the average line width of 31 overcoated dots (67 meV, σ ) 18 meV) was found to be independent of excitation intensity, suggesting that direct thermal movement is the dominant broadening effect at room temperature.
The data in Figure 2 are consistent with a thermally assisted process. What is meant by "assisted" is that while thermal energy alone may not result in significant spectral broadening, the exponential dependence of the escape probability from a given trap site implies that the total available energy (thermal + excess excitation) can have a much larger effect than either one alone. As the temperature is increased, trapped external charges populate a higher energy within each potential well ( Figure 6 ). Following each excitation, a higher energy charge has a greater probability of escaping a given trap. The observed thermal broadening is then the result of a larger number of excitations that result in a successful change in the local field configuration. It is important to point out that it is the change in the local electric field resulting from the movement of charges between trap sites, and not the relative energies of the traps, that determines the magnitude of a spectral diffusion shift. As a result, there is not necessarily a correlation between the energy difference between trap sites and the magnitude of the resulting spectral diffusion shift when a charge moves between these sites. While it may be possible to model the movement of charges between trap sites as an exponential function of the available energy, the resulting line width (the observable measured in these experiments) does not necessarily follow such a simple behavior since it also depends on the relative location of each trap site. Also, it should be noted that while the number of potential trap sites around a QD must be finite, the fact that multiple charges can contribute to the local field may result in a quasicontinuous distribution of potential field configurations.
While the experiments described in this Article were performed on nanocrystallite QDs, the spectral diffusion effects observed may also be relevant in other QD systems. Line widths in single GaAs QDs formed by potential fluctuations in thin quantum wells are found to be significantly broader for dots close to the surface of the QW structure. 15 This broadening in the presence of an exposed surface where charges can reside is consistent with spectral diffusion and the effects described above.
In conclusion, we have demonstrated the role of spectral diffusion in the observed line shapes of single CdSe nanocrystallite QDs. Data suggest that single QD line shapes are primarily the result of light-driven spectral diffusion. These spectral shifts occur on a time scale that is fast relative to the acquisition time of the experiment and are activated by excess energy released following each photoexcitation. While thermal effects are found to play an indirect role in line widths at temperatures below 40 K, they become a dominant effect at room temperature. Under normal conditions, the shape of a single nanocrystallite spectrum contains information about the dynamics of the local environment and not the inherent physics of the nanocrystallite. These data suggest that it is inappropriate to attempt to define a "homogeneous" line shape or width for these nanocrystallites on the time scale of fluorescence measurements. Instead, single dot line widths serve only as an upper bound for the true intrinsic width.
